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EP 3 769 690 B1
Description

[0001] The presentinvention relates to a method for tissue characterization by ultrasounbd wave attenuation meas-
urements, the said method comprising the steps of

a) transmitting at least an ultrasound pulse in a target body;

b) receiving the ultrasound waves reflected by the said target body and transforming the said reflected ultrasound
pulses in RF reception signals and computing the propagation depth dependent attenuation coefficient of the tissues
crossed by the ultrasound pulse in the target body as a function of the said RF reception signals.

[0002] Attenuation in ultrasound is the reduction in amplitude of the ultrasound beam as a function of distance through
the imaging medium. As the ultrasound beam travels through the body it loses energy. The intensity and amplitude of
the sound wave decreases, and this process is known as attenuation. Attenuation coefficients are used to quantify
different media according to how strongly the transmitted ultrasound amplitude decreases as a function of frequency.
The amount of attenuation that occurs will depend on the type of tissue the sound wave is traveling through. Where the
molecules of the tissue are densely packed (such as bone), attenuation will be much greater than in less densely packed
tissue (such as fat). Different tissues have different attenuation coefficients depending on the amount of attenuation
occurring in the beam of sound. The attenuation coefficient (a) can be used to determine total attenuation in dB in the
medium. Attenuation is linearly dependent on the medium length and attenuation coefficient, and also on the frequency
of the incident ultrasound beam for biological tissue. The higher the frequency, the greater the amount of attenuation
that will occur in any given tissue. Attenuation coefficients vary widely for different media. In biomedical ultrasound
imaging however, biological materials and water are the most commonly used media. Attenuation will occur not only in
the beam of sound produced by the transducer as it propagates through tissue, but also in the returning echoes as they
travel back to the transducer.

[0003] Absorption is the main factor causing attenuation of the ultrasound beam. The higher the frequency of the
sound wave, the greater the amount of absorption that will occur. Energy is transferred from the sound wave into the
medium through which it is traveling.

[0004] Ultrasound attenuation parameters are gaining increasing clinical importance. In particular in relation to stea-
tosis. Steatosis is the most frequent liver disease, with both alcoholic (ALFD) and nonalcoholic (NALFD) etiology. NALFD
affects up to 30% of adult western population. If not treated liver steatosis can lead to more severe iliness such as
fibrosis, cirrhosis and liver cancer. Liver steatosis is mainly symptomless, therefore patients are not motivated to undergo
liver biopsy. Tissue attenuation is a parameter strongly correlated with liver fat content. Attenuation measurement and
imaging by medical ultrasound can provide a poweful, notinvasive, diagnostic tool for liver steatosis staging.

[0005] Different methods for carrying out measuremenmts of attenuation coefficients in tissues are known.

[0006] Document Jpn. Pat. Appin. KOKAI Publication No. 3-24868 discloses a technique of divisionally transmitting
and receiving ultrasonic pulses in different frequency bands twice in the same direction. Based on the fact that the tissue
attenuation amount varies depending on the frequency, this technique infers the attenuation constant of a medium by
comparing the attenuation amounts of two pulses. Jpn. Pat. Appln. KOKAI Publication No. 3-24868 also discloses a
technique of adding attenuation information to a conventional tomogram by extracting two different frequency band
components contained in a reception signal upon performing transmission/reception once in the same direction, and
weighting and adding the respective signals. This technique can be easily implemented by one transmission/reception
cycle.

[0007] Document US20100249590 discloses an ultrasonic diagnostic apparatus comprising: a transmission unit which
transmits a composite ultrasonic wave obtained by combining at least afirst ultrasonic wave having afirst center frequency
with a second ultrasonic wave having a second center frequency different from the first center frequency at least twice
in each of a plurality of directions in an object while modulating a phase; an ultrasonic reception unit which receives,
from the object, an echo signal corresponding to each of the at least two transmissions in each of the plurality of directions;
a signal extraction unit which extracts a first echo signal corresponding to the first ultrasonic wave and a second echo
signal corresponding to the second ultrasonic wave after canceling out harmonics by performing subtraction processing
between the echo signals respectively corresponding to the at least two transmissions in each of the plurality of directions;
and an image generating unit which generates an attenuation image representing attenuation of an ultrasonic wave
propagating in the object by using the first echo signal and the second echo signal.

[0008] US2014114189 discloses a method for estimating the amount of attenuation by calculating the signal intensity
of a received signal. Several conventional methods are disclosed therein. One of these methods provides for estimating
the amount of attenuation specific to a subject by transmitting multiple ultrasound pulses each having a different center
frequency and by comparing the received signals that are acquired with regards to how much the intensity of the received
signals changes in the depth direction. Another method disclosed therein comprioses the steps of comparing multiple
frequency signals with regards to the change in their intensity and utilizing the characteristic that the amount of attenuation
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of ultrasound waves in a living body depends on the frequency.

[0009] The present invention aims to provide for a method and a system for tissue characterization by ultrasound
wave attenuation measurements improving the drawbacks of the method according to the state of the art.

[0010] According to a first aspect of the present invention, a method for tissue characterization by ultrasounbd wave
attenuation measurements is as defined in claim 1.

[0011] In an embodiment the transmitted ultrasound pulse is a wide-frequency band pulse or a multifrequency pulse
comprising frequency components with frequencies within a predetermined frequency band, the step of determining RF
signal components with frequencies within a sub range of the predetermined frequency band by filter-bank filtering is
carrid out before the step c) of extracting the envelope of the RF reception signal,

the said ebvelope extraction being carried out separately for each frequency sub-band component of the RF reception
signal,

the said step d) of logarithmic extraction and the said step e) being carried out attenuation coefficient for each
frequency sub-band component of the RF reception signal,

f) for each propagation depth of the ultrasound pulse the attenuation coefficient being determined as the mean or
median value of the attenuation coefficients calculated for each frequency sub-band component of the RF reception
signal.

[0012] According to a further embodiment, a sequence of several ultrasound pulses is transmitted into the target body
and a sequence of reception signals is acquired from the sequence of the reflected ultrasound pulses, the said steps c)
to €) and optionally the step f) being carried out for each of the reception signals of the sequence of reception signals and
g) the attenuation coefficient at a propagation depth is computed as the mean or the median value of the attenuation
coefficients at the said penetration depth of the attenuation coefficients computed from each of the reception signals of
the sequence of reception signals.

[0013] The envelope of the RF reception signals may be espressed by the following equation:

s(f,z) = exp(—afz)scat(f,z)

In which

s(f,z) is the frequency and depth dependent envelope of the receipt signal;
Exp(-ofz) is the attenuation term

o is the slope of a line fitting the logarithm of the data envelope;

f is the frequency;

z is the propagation depth of the ultrasound pulse;

scat(f,z) is a function describing the speckle.

Compressing the above envelope by a logarithmic compression, is described by the following equation:

1n(s(f, z)) = —afz + In(scat(f, z))

[0014] According to a further aspect the invention aims to overcome the drawbacks of low signal to noise ratio regions
or losses in signal to noise ratio.

[0015] According to an embodiment, in the case the at least one ultrasound pulse transmitted into the target body is
a wide frequency pulse which is filtered in reception of the reflected pulses by a filter-bank, the loss in signal to Noise
Ratio is compensated by repeating the transmission of the said ultrasound pulse and combining the receipt signals
generated by the corresponding reflected pulses.

[0016] According to a variant embodiment, different signal parameters may be used for estimating the attenuation
coefficient such as one or more of the parameters listed in the following list:

Signal intensity, spectral shape of the received signals, out of range attenuation slope along the propagation depth.
[0017] Elasticity of soft biological tissues has been used for evaluating possible pathological conditions since the
dawning of medicine. The use of manual palpations for evaluating the health condition of the tissues is still used commonly
in routine medical examinations. For example the presence of rigid masses found during routine breast examinations
is often an early indication of breast cancer. Manual palpation methods however are relatively little objective and are
limited to surface anatomical structures.
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[0018] The methods for quantifying the elasticity or for the comparative measurement of biological tissues by ultra-
sounds allow deep-tissue elasticity to be measured in the body under examination, are reliable and therefore are used
in clinical practice.

[0019] Unlike the traditional ultrasound imaging, such as for example B-mode, that allows images to be acquired where
tissues with different acoustic properties are distinguished, the methods measuring the elasticity allow tissues with
different mechanical properties to be distinguished. To do this, such methods carry out an excitation of the tissues and
monitor the strain response, which is related to tissue elasticity.

[0020] A type of elasticity measurement methods provides to use transverse waves, or shear waves, generated after
an excitation, and are defined as Shear Wave Elasticity Imaging (SWEI). These methods provide to generate shear
waves in the tissue following an acoustic disturbance, called as shock disturbance, of the first excitation point applied
by the ultrasound probe, and consequently to monitor the shear waves in the regions of interest placed outside the area
or the point of excitation. By measuring the displacements over time of the image or of the pixels of the image or of the
pixels of a Line of Sight at a plurality of lateral positions separated by a known distance from the excitation source, it is
possible to estimate the shear wave speed.

[0021] Actually the measurement is indirect since the method detects the propagation speed of the shear wave in a
direction substantially orthogonal to the acoustic shock disturbance of the excitation point.

[0022] The relation between speed of such shear wave and the elasticity is approximate and it depends on some
assumptions about the density of the tissue under examination.

[0023] The tissue elasticity is proportional to the propagation speed p of the shear wave V, according to the following
formula:

E~3pV2

wherein it is assumed that p ~ 1, namely that tissue density is unit quantity.

[0024] The document US 5,606,971 describes a SWE method, that uses a focused ultrasound transducer which
induces shear waves in a tissue by sending modulated ultrasonic pulses. The shear wave of the frequency of the
modulating signal is detected. The mechanical properties of tissues under examination are evaluated on the basis of
the measured values of speed and attenuation of shear waves.

[0025] A subset of such methods is the one defined as pPSWE (Point Shear Wave Elasticity), where, instead of an
image, a point measurement generally averaged in the region of interest is generated.

[0026] A problem of the known methods derives from the possibility of the probe and/or patient moving during the
examination. Such movements during acquisition can be substantially considered of two different types: transversal, i.e.
along the direction of propagation of the transversal wave, due, for example, due to a translation or shift of the probe
on skin of the patient or a rotation of the probe by small angles on the plane of the image or longitudinal, i.e. along the
direction of propagation of the ultrasound beam, caused, for example, by a different relative position of the probe with
reference to the patient due to a different pressure of the hand holding the probe or patient breathing.

[0027] In both cases the measurement is altered: in presence of a transversal movement the wave is detected slightly
beforehand or slightly later, depending on the direction of rotation or of translation of the probe; in presence of a longitudinal
movement the reconstructed signal contains also the effect of such movement consisting in an erroneous ramp trend
superimposed on the wave. This leads to a calculation of the shear wave propagation speed not corresponding to reality,
and therefore to a distorted estimation of tissue elasticity.

[0028] A further method for carrying out elasticity measurements is described in WO2016108178. According to this
method the elasticity parameter is measured by estimating the velocity of a shearwave according to a sequence of
reference ultrasound pulses transmitted in a target body followed by a shock wave for generating the shear wave and
then the displacemnets of the reflectors is measured by a sequence of tracking ultrasound pulses which are transmitted
focused along lines which are laterally staggered one form the other with reference to the origin of the shear wave.
[0029] The method disclosed in WO2016108178 therefore allows a reliable measurement of the elasticity of the
material under examination to be obtained, particularly of the biological tissues under examination, by correcting anom-
alies due to the movement, in particular due to the mutual rotation of the probe with respect to the patient or vice versa
on the image plane. The fact of providing two excitation points on two opposite sides of the region of interest, allows
movement errors to be compensated since, if the detection of the shear wave is anticipated for the measurement
corresponding to the first excitation point, it is delayed for the measurement corresponding to the second excitation point
and vice versa. This is obviously valid for movements of the probe and/or of the patient that are small and always having
the same direction during the examination.

[0030] The method disclosed in the above document allows to carry out the measurement of the elasticity of any
biological tissue involved by the cardiac movement, and it is particularly advantageous in relation to the measurement
on the liver.
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[0031] Tissue elasticity and tissue ultrasound attenuation may provide complementary diagnostic information about
correlated diseases. For example, liver fibrosis is often occurring together with liver steatosis.

[0032] Standard medical ultrasound devices provide elasticity and attenuation imaging modalities where B-mode is
overlapped to a color-coded measurement map. The two imaging modalities are separate modalities and need to perform
two separate examination. This causes additional time, cost and patient discomfort also considering that the patient is
many times is not collaborative.

[0033] According to a further aspect of the present disclosure, the method for tissue characterization by ultrasound
wave attenuation measurements is provided in combination with the steps of estimating shear wave velocity coefficient.
[0034] Accordingtoanembodiment, the said combined method for tissue characterization and elasticity measurements
by ultrasound comprises the following steps:

a1l) acquiring an ultrasound image (3);

b1) defining a region of interest (2) in the image (3), the region of interest including image pixels;

transmitting an acoustic disturbance ultrasound beam (10) directed at an excitation point (1), the acoustic disturbance
ultrasound beam configured to produce a shear wave (11) that has a direction of propagation extending laterally
from a direction of propagation of the acoustic disturbance ultrasound beam (10);

c1) measuring displacements of the image pixels induced by the shear wave (11) by transmitting a sequence of
ultrasound tracking pulses which are laterally staggered at different lateral positions relatively to the said excitation
point and receiving the corresponding reception signals;

d1) assessing the propagation speed of the shearwave in the direction of the lateral displacement of the tracking
pulses and/or the stiffness value of tissue in the region of interest (2) based on the displacements measured atstep c1).
at least some of the reception signals generated by the reflection of the one or more of the said tracking pulses
being as reception signals for computing the attenuation coefficient at predetermined propagation depths.

at least some of the tracking pulses are transmitted at least twice, the received signals due to the reflected pulse of
one of the at least two transmitted tracking pulses being used for computing the shear wave velocity while the
received signals due to the reflected pulse of the second of the at least two transmitted tracking pulses being used
for computing the attenuation coefficient.

[0035] According to a further embodiment, before transmitting the shear wave generating pulse or the shear wave
generating pulses at least one or a sequence of ultrasound reference pulses is transmitted in the region of interest (2)
defined at step b1), at least some of the reception signals generated by the reflection of the one or more of the said
reference pulses being used as reception signals for computing the attenuation coefficient at predetermined propagation
depths.

[0036] According to still a further embodiment, at least some of the reference pulses are transmitted at least twice,
the received signals due to the reflected pulse of one of the at least two transmitted reference pulses being used for
computing the shear wave velocity while the received signals due to the reflected pulse of the second of the at least two
transmitted reference pulses being used for computing the attenuation coefficient.

[0037] Thanks to the above embodiments, both the attenuation and the elasticity maps are obtained with a single
examination.

[0038] The two possible alternative embodiments providing two transmit-receive sequences carried out in sequence
one for determining the elasticity parameters and the other for determining the attenuation coefficients or providing only
one transmit-receive sequence which is used for both modalities, namely for determining the elasticity parameters and
for determining the attenuation coefficients, may be implemented as a choice in combination.

[0039] A user interface may allow the operator to select one of these two alternative embodiments and to start the
selected one.

SHORT DESCRIPTION OF THE DRAWINGS
[0040]

Fig. 1 is a schematic view of a ROI in a target object within which the attenuation parameters and or the elasticity
parameters at different focal points along different scan lines and at different depths has to be measured with one
of the embodiments according to the present invention.

Fig. 2 is a schematic view of an ultrasound probe used for carrying out elasticity parameter measurements by means
of shear waves.

Fig. 3 shows the graphic representation of the mathematical model for determining the attenuation parameter at
different depths along a scan line while the line fitting the logarithmic compressed envelope of the RF receipt signals
at different deopth ranges are shown.
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Fig. 4 is a schematic representation of a sequence of reference pulses, shock waves and tracking pulses for carrying
out elasticity measurements and also attenuation parameter measurements.

Fig. 5 shows an embodiment of a attenuation parameter map overlapped to a Bmode image of the same Region of
Interest (ROI).

Fig. 6 illustrates a block diagram of the system according to an embodiment.

Fig. 7 illustrates a block diagram of an ultrasound system formed in accordance with an alternative embodiment.
FIG. 8 illustrates a block diagram of a portion of the digital front-end boards.

Fig. 9 illustrates a block diagram of the digital processing board.

Figure 10 and figure 11 show a work flow diagram of embodiments of the present invention.

Figure 1 shows the interface of the method according to the present invention, which interface shows a B-mode
ultrasound image 3. On the B-mode image 3 the user defines a region of interest 2 through a gate, in which region
of interest the attenuation coefficients of the tissue have to be measured.

[0041] The region of interest 2 may have any shape, preferably a rectangular shape or as a section of an annulus,
and preferably it has a predetermined size for the end user. The user can place the region of interest 2 where he/she
desires, preferably only in one portion of the image defined in the development step, such to avoid areas not suitable
for the measurement, such as for example areas of the image that are too deep or too superficial.

[0042] During the dedicated acquisition, the B-mode image is still, or "frozen", and it can be removed from such
condition only after producing the numerical result.

[0043] According to a variant embodiment the B-mode data acquisition is interleaved with the acquisition of the data
for determining elasticity and for determining the attenuation parmeters. Thanks to this variant embodimenta dtaa strema
of B-mode image data and elasticity and attenuation data are acquired and the elasticity data and the attenuation data
are refreshed in real time with the B-mode image data.

[0044] Therefore the user, once defining the region of interest 2, starts the measurement; the image is made as still,
and the special insonification/acquisition is carried out for estimating the shear wave. Once such step has ended, the
data are processed and the obtained result is displayed on the monitor.

[0045] Once a measurement has ended, the image can be "unfrozen" such to allow a new shot and a new acquisition,
till leaving the mode.

[0046] Once the region of interest 2 is defined.

[0047] One or more ultrasound pulses or one or more sequences of ultrasound pulses are transmitted in the ROI 2 of
the target body along at least one scan line 12. In the present example several scanlines which are laterally staggered
one from the other are provided and along each one of which scanlines at least an ultrasound pulse or a sequence of
ultrasound pulses is transmitted in the ROI 2.

[0048] The ultrasound pulse is focused along the corresponding scan line 12 at different positions corresponding to
different depth of propagation of the pulse inside the body.

[0049] The reflected pulses are then collected and transformed by the transducer of a probe in RF receipt signals.
[0050] According to the present method the envelope of the RF receipt signals is generated.

[0051] Equation (1) describes the said envelope

s(f,z) = exp(—afz)scat(f,z)
[0052] In this equation
s(f,z) is the frequency and depth dependent envelope of the receipt signal;
exp(-afz) is the attenuation term
o is the slope of a line fitting the logarithm of the data envelope;
f is the frequency;
z is the propagation depth of the ultrasound pulse;

scat(f,z) is a function describing the speckle.

[0053] Equation (2) describes the logarithmic compression of the envelope:

In(s(f,z)) = —afz + In(scat(f, z))

[0054] Here the term o represents the slope of the line fitting the envelope at a certain depth range.
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[0055] Toimprove robustness, attenuation can be computed over multiple frequency bands taking the mean or median
value of the attenuation parameters computed at a certain depth range for each of two or more frequency sub bands of
the multiple frequency band.

[0056] Figure 3 is an example showing the envelope function at different depths z and the line fitting the said envelope
for each of four depth ranges.

[0057] Atthe differentdepth ranges corresponding or centered atthe different focal points along the scan corresponding
scan line 12 the logarithm of the envelope is approximated by fitting the data with a linear function. The attenuation of
the tissue at the said depth range is computed as the slope of the said linear function.

[0058] The above attenuation imaging can be combined with a tissue elasticity imaging.

[0059] In this case a first excitation point 1 is defined within the acquired B-mode image 3.

[0060] For carrying out the measurements of the elasticity parameters of the tissue in the region of interest (ROI) a
focused ultrasonic beam 10 is generated for the acoustic disturbance of one target point 1, to generate a shear wave
11. The shear wave 11 originates in the first excitation point 1 and has a propagation direction substantially perpendicular
to the direction of propagation of the ultrasonic beam 10, in the two opposite departing directions denoted by the arrows
in the figure. The first excitation point 1 is placed such that the shear wave 11 passes through the region of interest 2.
[0061] The generated shear wave 11 is measured at a plurality of lines of sight placed inside the region of interest 2
at different predetermined distances from the first excitation point 1. The figure shows the line of sight under examination,
while the other lines of sight are broken lines.

[0062] By the measurement of the passage of the shear wave on all the lines of sight the propagation speed of the
measured shear wave is calculated.

[0063] As it will be described with further details in the following description with reference to figure 4, a further step
may be carried out prior to transmit the shear wave excitation pulse 11. In this step one reference pulse or a sequence
of reference pulses which may be also transmitted along lines being laterally staggered one from the other and from the
excitation point 1 are transmitted into the target body.

[0064] Combining the attenuation imaging steps with the elasticity imaging can be carried out in different ways.
[0065] One or more of the reference pulses and/or one or more of the tracking pulses transmitted into the ROI for
carrying out elasticity imaging scans can be used also for computing the attenuation coefficients along each of the
scanlines corresponding to one or more of the said reference or tracking pulses.

[0066] In one embodiment the reflected echoes of the transmitted ultrasound pulses of one or more of the reference
pulses or of one or more of the tracking pulses can be used for carrying out the attenuation coefficient calculation and
the elasticity evaluation along the corresponding scanline and at the corresponding depth.

[0067] Inan alternative embodiment atleast some or all the transmitted reference pulses and/o the transmitted tracking
pulses can be repeated, and the corresponding echoes are used respectively for the attenuation coefficient calculation
and for the elasticity estimation.

[0068] Figure 2 adds more details to the representation of figure 1 and is related to the case of combining attenuation
imaging and elasticity imaging of the tissue in the ROI 2.

[0069] For simplicity sake the reference pulses are not shown in this example, but it is clear for the skilled person how
to integrate the present figure 2 in order to show also the refence pulses, particularly when considering figure 4 repre-
senting a sequence of transmission pulses comprising reference and tracking pulses and inbetween of the said reference
and tracking pulses being transmitted the shear wave generation shock pulse.

[0070] Herethe probe 20 is represented diagrammatically as a linear array of transducers 220. The arrow 10 represents
the tracking pulse focused at an excitation point or region along a certain line adjacent to the region of interest. The
shear wave 11 is represented by the arrow and has a certain width in the depth direction i.e. in the direction of propagation
of the tracking beams T1, T2, T3, T4 and T5 and the direction of propagation of the shear wave is indicated by the arrow
like shape. The tracking beams T1 to T5 are focused each one along a line of sight of a plurality of lines of sight which
are distributed over the extension of the region of interest. The term lateral means here in the direction of propagation
of the shear wave 11.

[0071] Along each tracking line the corresponding tracking beam is focused at a certain number of tracking focal points
FP1 to FP6 which are positioned at different depth in the region of interest.

[0072] Ultrasound tracking beams are repeatedly transmitted focused along the tracking lines and the received data
are processed for determining the displacements of the tissue in the region of interest caused by the propagation of the
shear wave.

[0073] The displacement is a mean displacement since it is averaged in the space, by grouping the displacement
measurement between near pixels. On each tracking line, and at each tracking point along the corresponding tracking
line the measurement of the displacement is repeated over time to form a sample curve representing the passage of
the shear wave.

[0074] According to an embodiment such curve may be filtered by a moving mean such to eliminate noise.

[0075] For each tracking line and at each tracking focal point at the different depth the measured curve shows the



10

15

20

25

30

35

40

45

50

55

EP 3 769 690 B1

displacement at the corresponding focal point as a function of time.

[0076] According to the present embodiment, the peak of the measured displacement is defined to find the shear wave
propagation speed: the peak instant on each line of sight and at each tracking focal point FP1 to FP6 related to the
known distance of the lines of sight from each other allows the propagation speed to be calculated.

[0077] Identifying the peak is the most simple and advantageous operation, but as an alternative it is possible to
consider other significant points of the curve such as for example the maximum slope point or the correlation between
the curves or the difference between curves.

[0078] According to the above process, the displacements inside the region of interest along each of the tracking lines
and at the different depth of the tracking focal points are considered, such to reconstruct the shear wave propagation
pattern by the measurement of all the tracking lines and the shear wave speed obtained from the said propagation
pattern may be processed for calculating the distribution of the elasticity parameter along the region of interest.

[0079] According to an embodiment the examination may be structured in repeated acquisition sequences, and each
sequence comprises the transmission of an acoustic excitation pulse at the excitation point and a measurement of the
displacements at the tracking focal points of a single tracking line or of a plurality of tracking lines acquired in parallel.
[0080] When the measurement of the displacements induced by the propagation of the shear wave occurs line by line
it is necessary to transmit an excitation pulse for each of the measurements on the different lines of sight acquired
individually or in parallel.

[0081] For example, it is possible to acquire one line of sight a time or two or four lines of sight a time in parallel, with
standard B-mode imaging techniques.

[0082] Tracking ofthe displacement data along two or more of the tracking lines can also be carried out in an interleaved
manner for the two or more tracking lines relatively to each shear wave generation event after a shear wave excitation
pulse of a sequence of excitation pulses.

[0083] According to an embodiment such sequence of excitation pulses has a limited number of excitation pulses
transmitted with a certain repetition frequency and each series of excitation pulses is interrupted for a certain period by
a cooling period before being carried out again. The B-mode image acquisition and the corresponding image may be
frozen for the time during which a series of excitation pulses is being transmitted and the B-mode image may be refreshed
by a new image acquisition during the cooling period between the repetition sequences of excitation pulses.

[0084] Such feature has also the advantage of allowing hardware to be prepared to perform a new transmission series
of excitation pulses, and at the same time of allowing the probe and the tissues to cool.

[0085] In a further embodiment for each tracking line, before the transmission of the shear wave excitation pulse, one
or more reference measurements on the line of sight under examination are carried out. Thus, the displacement at each
of the tracking points can be measured in relation to a reference condition where the tissue in the region of interest is
not disturbed by the passage of the shear wave.

[0086] According to a further embodiment, the data detected by the measurement of the shear wave are processed
for filtering possible artefacts. Preferably such processing is carried out before the calculation of the displacement on
each line of sight and the following calculation of the shear wave propagation speed.

[0087] In one embodiment, an ECG signal is recorded and the generation of ultrasound beams and the measurement
of the displacement of pixels in the image induced by the shear wave passing through the region of interest are syn-
chronized with the ECG signal.

[0088] Thus, the method can perform a triggering on the heartbeat, in order to try to suppress as much as possible
the movement-related artefacts, for which the shear wave imaging is very sensitive.

[0089] This embodiment can be used for the measurement of the elasticity of any biological tissue involved by the
cardiac movement, and it is particularly advantageous in relation to the measurement on the left part of the liver, that is
the liver part affected by the heartbeat.

[0090] The processing of the acquired data for determining the elasticity data substantially is divided in the following
macro-steps:

I. Processing all the repetitions of the acquisition of a line of sight to obtain the extraction of the pattern over time
of the displacements of the tissue on such line of sight at each tracking focal point within the region of interest 2;
Il. Processing the whole set of results deriving from the previous steps in order to obtain the shear wave speed
distribution in the region of interest and out of these data the one or more elasticity parameters in different sub
regions of the region of interest.

Ill. Generating a graphic representation of the calculated values of the elasticity parameter distribution in the region
of interest in the form of an elasticity image by applying to the image pixels representing the corresponding sub
region of the region of interest appearance features as a function of the said elasticity parameters.

IV. combining this elasticity image to the anatomical image of the region of interest, i.e. the B-mode image of the
region of interest by maintaining the same scaling and the same topological relation of the sub regions in the elasticity
image with the anatomical structure in the region of interest.
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[0091] As already disclosed above with a more generic case, the RF reception signals correswponding to the reflected
eachoes of the transmitted pusles can be used also for calculatin the attenuation coefficents of the tiossue at the different
depths ranges which are indicated by the geaometric symbols.

[0092] The envelope of the reception signals obtained by the reflected echoes on one or more of the said tracking
lines is subjected to processing for calculating the attenuation coefficient according to the steps already disclosed above
and according to one of the two alternative embodiments.

[0093] The embodiment described in figures 1 and 2 can be used for the measurement of the attenuation map of any
biological tissue and it is particularly advantageous in relation to the measurement on the liver.

[0094] The processing of the acquired data for determining the attenuation data substantially is divided in the following
macro-steps:

I. Processing all the repetitions of the acquisition of a line of sight to obtain the extraction of the pattern over time
of the attenuation coefficients of the tissue on such line of sight at each tracking focal point within the region of
interest 2;

Il. Processing the whole set of results deriving from the previous steps in order to obtain the attenuation coefficient
distribution in the region of interest and out of these data the one or more attenuation parameters in different sub
regions of the region of interest.

Ill. Generating a graphic representation of the calculated values of the attenuation parameter distribution in the
region of interest in the form of an attenuation coefficient or parameter image by applying to the image pixels
representing the corresponding sub region of the region of interest appearance features as a function of the said
attenuation parameters.

IV. Combining this attenuation image to the anatomical image of the region of interest, i.e. the B-mode image of the
region of interest by maintaining the same scaling and the same topological relation of the sub regions in the
attenuation image and/or in the elasticity image with the anatomical structure in the region of interest.

[0095] In a further embodiment the elasticity image can be also displayed in an overlapped manner or side by side,
or it can be displayed alternatively to the attenuation image by simple commands.

[0096] According to a further variant embodiment the combined B-mode and elasticity data and the combined B-mode
and attenuation data are displayed with two differentimages placed one beide the other on a display. Ine image showing
elasticity data overlapped to the B-mode data and the other image showing attenuation data overlapped to the B-mode
data.

[0097] On the graph of figure 2, the abscissa shows the propagation time and the ordinate the space, that is the
position of the lines of sight. For each line of sight the maximum of the mean displacement along the line of sight, that
corresponds to the wave peak, is identified and drawn in the graph.

[0098] Figure 4 show a sequence of reference shock and tracking pulses which is typically applied for elasticity imaging
and which can be used also for obtaining the data for calculating the attenuation image of a ROL.

[0099] Figure 5 shows an example of an attenuation map along a scan line which is overlapped on a B-mode image
fo the same ROI of the attenuation map.

[0100] The geometric symbols correspond to the ones in figure 2 and maintain a relation with the depth ranges of
figure 2 showing where on the image map the said depth ranges are located.

[0101] Fig. 6 illustrates a high-level block diagram of an ultrasound system. Portions of the system (as defined by
various functional blocks) may be implemented with dedicated hardware, such as transmit/receive (TX/RX) driv-
ing/preamp and power switching circuitry, which may utilize analog components. Digital components, DSPs and/or
FPGAs, may be utilized to implement the sequencer controller and the timing generator.

[0102] The ultrasound system of Fig. 6 includes one or more ultrasound probes 601, 620. The probe 601 may include
various transducer array configurations, such as a onedimensional array, a two-dimensional array, a linear array, a
convex array and the like. The transducers of the array may be managed to operate as a 1D array, 1.25D array, 1.5D
array, 1.75D array, 2D array, 3D array, 4D array, etc.

[0103] The ultrasound probe 601 is coupled over a wired or wireless link to a beamformer 603. The beamformer 603
includes a transmit (TX) beamformer and a receive (RX) beamformer that are jointly represented by TX/RX beamformer
603. The beamformer 603 supplies transmit signals to the probe 601 and performs beamforming of "echo" signals that
are received by the probe 601.

[0104] A TX waveform generator 602 is coupled to the beamformer 603 and generates the transmit signals that are
supplied from the beamformer 603 to the probe 601. The transmit signals may represent various types of ultrasound TX
signals such as used in connection with B-mode imaging, colour Doppler imaging, pulse-inversion transmit techniques,
contrast-based imaging, M-mode imaging and the like. In accordance with embodiments herein, the transmit signals
include acoustic disturbance ultrasound (ACU) beam that are directed at select excitation points or regions (1 in fig.
1A) . The ACU beams are configured to generate shear waves as described herein.
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[0105] The beamformer 603 performs beamforming upon received echo signals to form beamformed echo signals in
connection pixel locations distributed across the region of interest. For example, in accordance with certain embodiments,
the transducer elements generate raw analog receive signals that are supplied to the beamformer. The beamformer
adjusts the delays to focus the receive signal along a select receive beam and at a select depth within the ROI. The
beamformer adjusts the weighting of the receive signals to obtain a desired apodization and profile. The beamformer
sums the delayed, weighted receive signals to form RF beamformed signals. The RF beamformed signals are digitized
at a select sampling rate by the RX preamp and A/D converter 604. The RF beamformed signals are converted to |,Q
data pairs.

[0106] The TX waveform generator 602, TX/RX beamformer 603 and A/D converter 604 cooperate to generate the
acoustic disturbance ultrasound beams 10 directed at the excitation point 1. The acoustic disturbance ultrasound beams
are configured to produce shear waves 11 that have directions of propagation extending laterally from the directions of
propagation of the acoustic disturbance ultrasound beams 10. The |I,Q data pairs are saved as image pixels in the line
of sight (LOS) memory. For example, the LOS memory may include LOS memory portions associated with each line of
sight through the ROI. The |,Q data pairs, defining the image pixels for corresponding individual ROl locations along a
corresponding LOS, are saved in the correspond LOS memory portion. A collection of image pixels (e.g., |,Q data pairs)
are collected over time and saved in the LOS memory 605. The image pixels correspond to tissue and other anatomy
within the ROI. As the ROl experiences the shear waves, the tissue and other anatomy in the ROl moves in response
to the shear waves. The collection of image pixels captures the movement of tissue other anatomy within the ROI.
[0107] In embodiments, a dedicated sequencer/timing controller 610 may be programmed to manage acquisition
timing which can be generalized as a sequence of firings aimed to locally generate shear waves aside the measurement
box followed by tracking firings to monitor transition of the shear waves through the acquisition lines (LOS) in the
measurement box (corresponding to the ROI). Optionally, idle phases can be added to control heating of the probe and
manage compliance with safety emission regulations. According to a further option also reference pulses can be gen-
erated and transmitted along correspondiong reference lines.

[0108] A sequence controller 610 manages operation of the TX/RX beamformer 603 and the A/D converter 604 in
connection with transmitting ADU beams and measuring image pixels at individual LOS locations along the lines of sight.
The sequence controller 610 manages collection of reference measurements and shear-wave induced measurements.
The sequence controller 610 provides a pause period between a last measurement along one tracking line coincident
with one line of sight and a first measurement along a following tracking line coincident with a following line of sight.
[0109] One or more processors perform various processing operations as described herein. The CPU 612 may perform
one or more of the operations described herein in connection with generation of shear waves, measurement of displace-
ment, calculation of displacement speed, calculation of stiffness values and the like.

[0110] Among other things, the processor and/or CPU 612 analyse the image pixels to measure displacement of the
image pixels or controls an optional dedicated shear wave tracking data processor 626. The processor and/or the CPU
612 and or the optional shear wave data processor measure the displacement at image pixels for the plurality of lines
of sight placed in the region of interest. The lines of sight are located at different predetermined laterally staggered
distances from the excitation point (1), (4).

[0111] The processor 606 and/or CPU 612 or optionally a dedicated shear wave tracking data processor 626 also
calculates a stiffness value based on the speed of the shear wave according to one or more of the examples describe
above.

[0112] As explained herein, the processor and/or CPU 612 or the dedicated processor 626 obtaining one or more
reference measurements for a plurality of lines of sight in the region of interest, prior to generating the first and second
shear waves. According to an embodiment, the processor and/or CPU 612 or the optional dedicated processor 626
measure the shear waves 11 include measuring mean displacement over time of the tissue along a plurality of line of
sights and identifying a peak of the mean displacements.

[0113] For example, the measurements by the processor and/or CPU 612 or the optional dedicated processor 626
may include calculating a cross-correlation between the measurements associated with the shear waves and a reference
measurement obtained independent of the shear waves. The processor and/or CPU 612 or the optional dedicated
processor 626 measure displacement over time of the tissue along a plurality of line of sights and calculates speeds of
the shear waves 11 based, in part, on distances of the corresponding lines of sight from the excitation point 1.

[0114] The processor and/or CPU 612 also performs conventional ultrasound operations. For example, the processor
executes a B/W module to generate B-mode images. The processor and/or CPU 612 executes a Doppler module to
generate Doppler images. The processor executes a Color flow module (CFM) to generate colour flow images. The
processor and/or CPU 612 may implement additional ultrasound imaging and measurement operations. Optionally, the
processor and/or CPU 612 may filter the displacements to eliminate movement-related artifacts.

[0115] Animage scan converter 607 performs scan conversion on the image pixels to convert the format of the image
pixels from the coordinate system of the ultrasound acquisition signal path (e.g., the beamformer, etc.) and the coordinate
system of the display. For example, the scan converter 607 may convert the image pixels from polar coordinates to
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Cartesian coordinates for image frames.

[0116] A cine memory 608 stores a collection of image frames over time. The image frames may be stored formatted
in polar coordinates, Cartesian coordinates or another coordinate system.

[0117] An image display 609 displays various ultrasound information, such as the image frames and information
measured in accordance with embodiments herein. For example, the image display 609 displays the stiffness values,
displacement measurements, displacement speeds, and other information calculated in accordance with embodiments
herein. The stiffness values, displacement measurements, displacement speeds, and other information may be displayed
as image information, as numeric values, graphical information and the like. The display 609 displays the ultrasound
image with the region of interest shown. Optionally, the display 609 may display indicia indicating the excitation points
(1), where the indicia are overlaid on the ultrasound image and/or presented along opposite sides of the ultrasound image.
[0118] Optionally, the system of Fig. 6 may include an ECG monitor not shown in detail that couples an ECG sensor
to the patient and records an ECG signal indicative of the patient’s heart rate. The processor and/or sequence controller
610 synchronize the generation of acoustic disturbance ultrasound beams 10 and the measurement of the first and
second displacements of the image pixels induced by the first and second shear waves 11 with the ECG signal.
[0119] Accordingtothe presentinvention the embodiment of figure 6 shows an envelope extractor 614 which generates
the envelope of the RF reception signals corresponding to the received echoes along one or more of the reference and
tracking scan lines. The envelope generated in the extractor 614 is subjected to logarithmic compression in 615. A slope
detector 616 computes the slope of lines fitting the logarithm of the envelope at different depths as already disclosed in
relation to method in the present description and in the preceding paragraphs.

[0120] A map is generated in which an attenuation coefficient calculated for a certain depth range and along a certain
scan line is represented by a color hue scala and in the position corresponding to the pixel or voxel at the said depth
range and along the said scan line.

[0121] Theblocks/modulesillustratedin Fig. 6 can be implemented with dedicated hardware (DPSs, FPGAs, memories)
and/or in software with one or more processors.

[0122] A control CPU module 612 is configured to perform various tasks such as implementing the user/interface and
overall system configuration/control. In case of fully software implementation of the ultrasound signal path, the processing
node usually hosts also the functions of the control CPU.

[0123] A power supply circuit 611 is provided to supply power to the various circuits, modules, processors, memory
components, and the like. The power front-end may be an A.C. power source and/or a battery power source (e.g., in
connection with portable operation).

[0124] Optionally, in point Shear Wave acquisition, the RX tracking lines (line of sights - LOSs) may be temporarily
stored, either as pure RF or as I/Q data, in the front-end local memories. The processing may be implemented by a
dedicated processor module and/or a CPU 612. Processed data may be formatted as shear wave speed measurements
or stiffness values. These are then added to the ancillary data of the field-of-view under scan and properly reported as
an overlay to the image displayed on system’s monitor.

[0125] According to a further feature, an image combination unit 627 may be present in which the B-mode image data
of at least of a region of interest and the corresponding graphic representation as an image of the velocity of the shear
wave or of the elasticity parameter determined from said velocity data and/or the attenuation data is combined for the
superimposed display of the B-mode image and of the image representing the shear wave velocity and/or the elasticity
features determined for the corresponding pixels in the B-mode image. The representation as an image of the velocity
or of the corresponding elasticity parameter values and the representation of the attenuation coefficients and the com-
bination of this image with the B-mode image can be carried out according to one of the previously disclosed methods.
[0126] Fig. 7 illustrates a block diagram of an ultrasound system formed in accordance with an alternative embodiment.
The system of FIG. 7 implements the operations described herein in connection with various embodiments. By way of
example, one or more circuits/processors within the system implement the operations of any processes illustrated in
connection with the figures and/or described herein. The system includes a probe interconnect board 702 that includes
one or more probe connection ports 704. The connection ports 704 may support various numbers of signal channels
(e.g., 128, 192, 256, etc.). The connector ports 704 may be configured to be used with different types of probe arrays
(e.g., phased array, linear array, curved array, 1D, 1.25D, 1.5D, 1.75D, 2D array, etc.). The probes may be configured
for different types of applications, such as abdominal, cardiac, maternity, gynaecological, urological and cerebrovascular
examination, breast examination and the like.

[0127] One or more of the connection ports 704 may support acquisition of 2D image data and/or one or more of the
connection ports 704 may support 3D image data. By way of example only, the 3D image data may be acquired through
physical movement (e.g., mechanically sweeping or physician movement) of the probe and/or by a probe that electrically
or mechanically steers the transducer array.

[0128] The probe interconnect board (PIB) 702 includes a switching circuit 706 to select between the connection ports
704. The switching circuit 706 may be manually managed based on user inputs. For example, a user may designate a
connection port 704 by selecting a button, switch or other input on the system. Optionally, the user may select a connection
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port 704 by entering a selection through a user interface on the system.

[0129] Optionally, the switching circuit 706 may automatically switch to one of the connection ports 704 in response
to detecting a presence of a mating connection of a probe. For example, the switching circuit 706 may receive a "connect”
signal indicating that a probe has been connected to a selected one of the connection ports 704. The connect signal
may be generated by the probe when power is initially supplied to the probe when coupled to the connection port 704.
Additionally, or alternatively, each connection port 704 may include a sensor 705 that detects when a mating connection
on a cable of a probe has been interconnected with the corresponding connection port 704. The sensor 705 provides
signal to the switching circuit 706, and in response thereto, the switching circuit 706 couples the corresponding connection
port 704 to PIB outputs 708. Optionally, the sensor 705 may be constructed as a circuit with contacts provided at the
connection ports 704. The circuit remains open when no mating connected is joined to the corresponding connection
port 704. The circuit is closed when the mating connector of a probe is joined to the connection port 704.

[0130] A controlline 724 conveys control signals between the probe interconnection board 702 and a digital processing
board 724. A power supply line 736 provides power from a power supply 740 to the various components of the system,
including but not limited to, the probe interconnection board (PIB) 702, digital front-end boards (DFB) 710, digital process-
ing board (DPB) 726, the master processing board (M PB) 744, and a user interface control board (Ul CB) 746. A
temporary control bus 738 interconnects, and provides temporary control signals between, the power supply 740 and
the boards 702, 710, 726, 744 and 746. The power supply 740 includes a cable to be coupled to an external AC power
supply. Optionally, the power supply 740 may include one or more power storage devices (e.g. batteries) that provide
power when the AC power supply is interrupted or disconnected. The power supply 740 includes a controller 742 that
manages operation of the power supply 740 including operation of the storage devices.

[0131] Additionally, or alternatively, the power supply 740 may include alternative power sources, such as solar panels
and the like. One or more fans 743 are coupled to the power supply 740 and are managed by the controller 742 to be
turned on and off based on operating parameters (e.g. temperature) of the various circuit boards and electronic com-
ponents within the overall system (e.g. to prevent overheating of the various electronics).

[0132] The digital front-end boards 710 providing analog interface to and from probes connected to the probe inter-
connection board 702. The DFB 710 also provides pulse or control and drive signals, manages analog gains, includes
analog to digital converters in connection with each receive channel, provides transmit beamforming management and
receive beamforming management and vector composition (associated with focusing during receive operations).
[0133] The digital front-end boards 710 include transmit driver circuits 712 that generate transmit signals that are
passed over corresponding channels to the corresponding transducers in connection with ultrasound transmit firing
operations. The transmit driver circuits 712 provide pulse or control for each drive signal and transmit beamforming
management to steer firing operations to points of interest within the region of interest. By way of example, a separate
transmit driver circuits 712 may be provided in connection with each individual channel, or a common transmit driver
circuits 712 may be utilized to drive multiple channels. The transmit driver circuits 712 cooperate to focus transmit beams
to one or more select points within the region of interest. The transmit driver circuits 712 may implement single line
transmit, encoded firing sequences, multiline transmitter operations, generation of shear wave inducing ultrasound
beams as well as other forms of ultrasound transmission techniques.

[0134] The digital front-end boards 710 include receive beamformer circuits 714 that received echo/receive signals
and perform various analog and digital processing thereon, as well as phase shifting, time delaying and other operations
in connection with beamforming. The beam former circuits 714 may implement various types of beamforming, such as
single-line acquisition, multiline acquisition as well as other ultrasound beamforming techniques.

[0135] Thedigital front-end boards 716 include continuous wave Doppler processing circuits 716 configured to perform
continuous wave Doppler processing upon received echo signals. Optionally, the continuous wave Doppler circuits 716
may also generate continuous wave Doppler transmit signals.

[0136] The digital front-end boards 710 are coupled to the digital processing board 726 through various buses and
control lines, such as control lines 722, synchronization lines 720 and one or more data bus 718. The control lines 722
and synchronization lines 720 provide control information and data, as well as synchronization signals, to the transmit
drive circuits 712, receive beamforming circuits 714 and continuous wave Doppler circuits 716. The data bus 718 conveys
RF ultrasound data from the digital front-end boards 710 to the digital processing board 726. Optionally, the digital front-
end boards 710 may convert the RF ultrasound data to 1,Q data pairs which are then passed to the digital processing
board 726.

[0137] The digital processing board 726 includes an RF and imaging module 728, a colour flow processing module
730, an RF processing and Doppler module 732 and a PCI link module 734. The digital processing board 726 performs
RF filtering and processing, processing of black and white image information, processing in connection with colour flow,
Doppler mode processing (e.g. in connection with polls wise and continuous wave Doppler). The digital processing board
726 also provides image filtering (e.g. speckle reduction) and scanner timing control. The digital processing board 726
may include other modules based upon the ultrasound image processing functionality afforded by the system.

[0138] The modules 728 - 734 comprise one or more processors, DSPs, and/or FPGAs, and memory storing program
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instructions to direct the processors, DSPs, and/or FPGAs to perform various ultrasound image processing operations.
The RF and imaging module 728 perform various ultrasound related imaging, such as B mode related image processing
of the RF data. The RF processing and Doppler module 732 convert incoming RF data to |,Q data pairs, and performs
Doppler related processing on the I, Q data pairs. Optionally, the imaging module 728 may perform B mode related
image processing upon |, Q data pairs. The CFM processing module 730 performs colour flow related image processing
upon the ultrasound RF data and/or the I, Q data pairs. The PCI link 734 manages transfer of ultrasound data, control
data and other information, over a PCI express bus 748, between the digital processing board 726 and the master
processing board 744.

[0139] The master processing board 744 includes memory 750 (e.g. serial ATA solid-state devices, serial ATA hard
disk drives, etc.), a VGA board 752 that includes one or more graphic processing unit (GPUs), one or more transceivers
760 one or more CPUs 752 and memory 754. The master processing board (also referred to as a PC board) provides
user interface management, scan conversion and cine loop management. The master processing board 744 may be
connected to one or more external devices, such as a DVD player 756, and one or more displays 758. The master
processing board includes communications interfaces, such as one or more USB ports 762 and one or more ports 764
configured to be coupled to peripheral devices. The master processing board 744 is configured to maintain communication
with various types of network devices 766 and various network servers 768, such as over wireless links through the
transceiver 760 and/or through a network connection (e.g. via USB connector 762 and/or peripheral connector 764).
[0140] The network devices 766 may represent portable or desktop devices, such as smart phones, personal digital
assistants, tablet devices, laptop computers, desktop computers, smart watches, ECG monitors, patient monitors, and
the like. The master processing board 744 conveys ultrasound images, ultrasound data, patientdata and other information
and content to the network devices for presentation to the user. The master processing board 744 receives, from the
network devices 766, inputs, requests, data entry and the like.

[0141] The network server 768 may represent part of a medical network, such as a hospital, a healthcare network, a
third-party healthcare service provider, a medical equipment maintenance service, a medical equipment manufacturer,
a government healthcare service and the like. The communications link to the network server 768 may be over the
Internet, a private intranet, a local area network, a wide-area network, and the like.

[0142] The master processing board 744 is connected, via a communications link 770 with a user interface control
board 746. The communications link 770 conveys data and information between the user interface and the master
processing board 744. The user interface control board 746 includes one or more processors 772, one or more audio/video
components 774 (e.g. speakers, a display, etc.). The user interface control board 746 is coupled to one or more user
interface input/output devices, such as an LCD touch panel 776, a trackball 778, a keyboard 780 and the like. The
processor 772 manages operation of the LCD touch panel 776, as well as collecting user inputs via the touch panel 776,
trackball 778 and keyboard 780, where such user inputs are conveyed to the master processing board 744 in connection
with implementing embodiments herein.

[0143] FIG. 8 illustrates a block diagram of a portion of the digital front-end boards 710 formed in accordance with
embodiments herein. A group of diplexers 802 receive the ultrasound signals for the individual channels over the PIB
output808. The ultrasound signals are passed along a standard processing circuit 805 or to a continuous wave processing
circuit 812, based upon the type of probing utilized. When processed by the standard processing circuit 805, a preamplifier
and variable gain amplifier 804 process the incoming ultrasound receive signals that are then provided to an anti-aliasing
filter 806 which performs anti-aliasing filtering.

[0144] According to an embodiment the retrospective transmit beam focusing according to the present invention may
be applied to the RF data directly acquired by the system or to transformed data according to different transformations
as for example as a phase/quadrature (1/Q) transformation, or similar.

[0145] In the embodiment of figure 8 an example of the said transformation of the RF data is disclosed According to
this example, the output of the filter 806 is provided to an A/D converter 808 that digitizes the incoming analog ultrasound
receive signals. When a continuous wave (CW) probe is utilized, the signals therefrom are provided to a continuous
wave phase shifter, demodulator and summer 810 which converts the analog RF receive signals to I,Q data pairs. The
CW I,Q data pairs are summed, filtered and digitized by a continuous wave processing circuit 812. Outputs from the
standard or continuous wave processing circuits 805, 812 are then passed to beam forming circuits 820 which utilize
one or more FPGAs to perform filtering, delaying and summing the incoming digitized receive signals before passing
the RF data to the digital processing board 826 (FIG. 7). The FPGAs receive focalization data from memories 828. The
focalization data is utilized to manage the filters, delays and summing operations performed by the FPGAs in connection
with beamforming. The beamformed RF or I/Q data is passed between the beamforming circuits 820 and ultimately to
the digital processing board 726.

[0146] The digital front-end boards 710 also include transmit modules 822 that provide transmit drive signals to cor-
responding transducers of the ultrasound probe. The beamforming circuits 820 include memory that stores transmit
waveforms. The transmit modules 822 receive transmit waveforms over line 824 from the beamforming circuits 820.
[0147] Fig. 9 illustrates a block diagram of the digital processing board 726 implemented in accordance with embod-
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iments herein. The digital processing board 726 includes various processors 952-959 to perform different operations
under the control of program instructions saved within corresponding memories see 962 - 969. A master controller 950
manages operation of the digital processing board 726 and the processors 952 - 959. By way of example, one or more
processors as the 952 may perform filtering, the modulation, compression and other operations, while another processor
953 performs colour flow processing. The master controller provides probe control signals, timing control signals, com-
munications control and the like. The master controller 950 provides real-time configuration information and synchroni-
zation signals in connection with each channel to the digital front-end board 710.

[0148] Figure 10 is a flowchart of an embodiment of the present method. Particularly example of figure 10 relates to
the case in which a transmitted pulse of multifrequency band is generated and transmitted into the ROI.

[0149] Step 500 provides for the transmission of at least one ultrasound pulse in a ROI of a target body. The received
echoes of the said pulse at step 501 are transformed by the probe in RF reception signals at step 502. The RF reception
signals are subjected to filtering with a filter-bank for determining signal components of the RF signals with frequencies
within n sub-bands of a frequency band as illustrated at step 503.

[0150] Step 504 provides for calculating the envelope of the corresponding RF signal for each of the n frequency
subbands and for each penetration depth of the ultrasounbd pulse in a target body.

[0151] In step 505 for each of the n frequency subbands the logarithm of the envelope of the corresponding RF signal
is calculated and in step 506 the slope of the logarithm of the envelope of the corresponding RF signal is calculated for
each of the n frequency subbands.

[0152] Step 507 provides for setting the attenuation coefficent of the ultrasound wave equal to the slope of the logarithm
of the enevlope of the corresponding RF signal for each of the n frequency subbands.

[0153] In step 508 the attenuation coefficent of the ultrasound wave is set equal to the mean value or the median value
of the slopes of the logarithm of the envelope of the corresponding RF signal for each of the n frequency subbands.
[0154] Figure 11 show aflowchartrelating to the embodiment of the presentinvention according to which the attenuation
imaging is combined with the elasticity imaging within one image acquisition process.

[0155] AT step 510 one or a sequence of ultrasound reference pulses is transmitted into a target body. The echoes
of the said transmit signals is received at step 511 and transformed in RF reception signals at step 512.

[0156] According to the the present invention the RF reception signals are used for carrying out the attenuation
coefficient extraction process and graphically representing an attenuation coefficient map as indicated by steps 520 and
521 and also for carrying out the elasticity coefficient determination process and graphically representing an elasticity
coefficient map as indicated by the steps 530 and 531.

[0157] Further embodiments which are already disclosed can be easily derived from the present flow chart. In the
case the tracking pulses are used instead of the reference pulses or the said tracking pulses are used in combination
with the said reference pulses and also in the case in which the said reference or tracking pulses are transmitted twice
one time for carrying out the attenuation imaging modality and the other for carrying out the elasticity imaging modality.
[0158] It should be clearly understood that the various arrangements and processes broadly described and illustrated
with respect to the FIGS., and/or one or more individual components or elements of such arrangements and/or one or
more process operations associated of such processes, can be employed independently from or together with one or
more other components, elements and/or process operations described and illustrated herein. Accordingly, while various
arrangements and processes are broadly contemplated, described and illustrated herein, it should be understood that
they are provided merely inillustrative and non-restrictive fashion, and furthermore can be regarded as but mere examples
of possible working environments in which one or more arrangements or processes may function or operate.

[0159] Aspects are described herein with reference to the FIGS., which illustrate example methods, devices and
program products according to various example embodiments. These program instructions may be provided to a proc-
essor of a general-purpose computer, special purpose computer, or other programmable data processing device or
information handling device to produce a machine, such that the instructions, which execute via a processor of the device
implement the functions/acts specified. The program instructions may also be stored in a device readable medium that
can direct a device to function in a particular manner, such that the instructions stored in the device readable medium
produce an article of manufacture including instructions which implement the function/act specified. The program in-
structions may also be loaded onto a device to cause a series of operational steps to be performed on the device to
produce a device implemented process such that the instructions which execute on the device provide processes for
implementing the functions/acts specified.

[0160] One or more of the operations described above in connection with the methods may be performed using one
or more processors. The different devices in the systems described herein may represent one or more processors, and
two or more of these devices may include at least one of the same processors. In one embodiment, the operations
described herein may represent actions performed when one or more processors (e.g., of the devices described herein)
execute program instructions stored in memory (for example, software stored on a tangible and nontransitory computer
readable storage medium, such as a computer hard drive, ROM, RAM, or the like).

[0161] The processor(s) may execute a set of instructions that are stored in one or more storage elements, in order
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to process data. The storage elements may also store data or other information as desired or needed. The storage
element may be in the form of an information source or a physical memory element within the controllers and the controller
device. The set of instructions may include various commands that instruct the controllers and the controller device to
perform specific operations such as the methods and processes of the various embodiments of the subject matter
described herein. The set of instructions may be in the form of a software program. The software may be in various
forms such as system software or application software. Further, the software may be in the form of a collection of separate
programs or modules, a program module within a larger program or a portion of a program module. The software also
may include modular programming in the form of objectoriented programming. The processing of input data by the
processing machine may be in response to user commands, or in response to results of previous processing, or in
response to a request made by another processing machine.

[0162] The controller may include any processor-based or microprocessor-based system including systems using
microcontrollers, reduced instruction set computers (RISC), application specific integrated circuitry (ASICs), field-pro-
grammable gate arrays (FPGASs), logic circuitry, and any other circuit or processor capable of executing the functions
described herein. When processor-based, the controller executes program instructions stored in memory to perform the
corresponding operations. Additionally, or alternatively, the controllers and the controller device may represent circuitry
that may be implemented as hardware. The above examples are exemplary only, and are thus not intended to limit in
any way the definition and/or meaning of the term "controller."

[0163] Optionally, aspects of the processes described herein may be performed over one or more networks one a
network server. The network may support communications using any of a variety of commercially-available protocols,
such as Transmission Control Protocol/Internet Protocol ("TCP/IP"), User Datagram Protocol ("UDP"), protocols oper-
ating in various layers of the Open System Interconnection ("OSI") model, File Transfer Protocol ("FTP"), Universal Plug
and Play ("UpnP"), Network File System ("NFS"), Common Internet File System ("CIFS") and AppleTalk. The network
can be, for example, a local area network, a wide-area network, a virtual private network, the Internet, an intranet, an
extranet, a public switched telephone network, an infrared network, a wireless network, a satellite network and any
combination thereof.

[0164] In embodiments utilizing a web server, the web server can run any of a variety of server or mid-tier applications,
including Hypertext Transfer Protocol ("HTTP") servers, FTP servers, Common Gateway Interface ("CGI") servers, data
servers, Java servers, Apache servers and business application servers. The server(s) also may be capable of executing
programs or scripts in response to requests from user devices, such as by executing one or more web applications that
may be implemented as one or more scripts or programs written in any programming language, such as Java®, C, C#
or C++, or any scripting language, such as Ruby, PHP, Perl, Python or TCL, as well as combinations thereof. The
server(s) may also include database servers, including without limitation those commercially available from Oracle®,
Microsoft®, Sybase® and IBM® as well as open-source servers such as MySQL, Postgres, SQLite, MongoDB, and any
other server capable of storing, retrieving and accessing structured or unstructured data. Database servers may include
table-based servers, document-based servers, unstructured servers, relational servers, non-relational servers or com-
binations of these and/or other database servers.

[0165] The embodiments described herein may include a variety of data stores and other memory and storage media
as discussed above. These can reside in a variety of locations, such as on a storage medium local to (and/or resident
in) one or more of the computers or remote from any or all of the computers across the network. In a particular set of
embodiments, the information may reside in a storage-area network ("SAN") familiar to those skilled in the art. Similarly,
any necessary files for performing the functions attributed to the computers, servers or other network devices may be
stored locally and/or remotely, as appropriate. Where a system includes computerized devices, each such device can
include hardware elements that may be electrically coupled via a bus, the elements including, for example, at least one
central processing unit ("CPU" or "processor"), at least one input device (e.g., a mouse, keyboard, controller, touch
screen or keypad) and at least one output device (e.g., a display device, printer or speaker). Such a system may also
include one or more storage devices, such as disk drives, optical storage devices and solid-state storage devices such
as random access memory ("RAM") or read-only memory ("ROM"), as well as removable media devices, memory cards,
flash cards, etc.

[0166] Such devices also can include a computer-readable storage media reader, a communications device (e.g., a
modem, a network card (wireless or wired), an infrared communication device, etc.) and working memory as described
above. The computer-readable storage media reader can be connected with, or configured to receive, a computer-
readable storage medium, representing remote, local, fixed and/or removable storage devices as well as storage media
for temporarily and/or more permanently containing, storing, transmitting and retrieving computer-readable information.
The system and various devices also typically will include a number of software applications, modules, services or other
elements located within at least one working memory device, including an operating system and application programs,
such as a client application or web browser. It should be appreciated that alternate embodiments may have numerous
variations from that described above. For example, customized hardware might also be used and/or particular elements
might be implemented in hardware, software (including portable software, such as applets) or both. Further, connection
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to other computing devices such as network input/output devices may be employed.

[0167] Various embodiments may further include receiving, sending, or storing instructions and/or data implemented
in accordance with the foregoing description upon a computer-readable medium. Storage media and computer readable
media for containing code, or portions of code, can include any appropriate media known or used in the art, including
storage media and communication media, such as, but not limited to, volatile and non-volatile, removable and non-
removable media implemented in any method or technology for storage and/or transmission of information such as
computer readable instructions, data structures, program modules or other data, including RAM, ROM, Electrically
Erasable Programmable Read-Only Memory ("EEPROM"), flash memory or other memory technology, Compact Disc
Read-Only Memory ("CD-ROM"), digital versatile disk (DVD) or other optical storage, magnetic cassettes, magnetic
tape, magnetic disk storage or other magnetic storage devices or any other medium which can be used to store the
desired information and which can be accessed by the system device. Based on the disclosure and teachings provided
herein, a person of ordinary skill in the art will appreciate other ways and/or methods to implement the various embod-
iments.

[0168] The specification and drawings are, accordingly, to be regarded in an illustrative rather than a restrictive sense.
It will, however, be evident that various modifications and changes may be made thereunto without departing from the
broader scope of the invention as set forth in the claims.

Claims

1. A method for tissue characterization by ultrasounbd wave attenuation measurements, the said method comprising
in combination the steps of estimating shear wave velocity coefficient and comprising the following steps:

a1l) acquiring an ultrasound image (3);

bl) defining a region of interest (2) in the image (3), the region of interest including image pixels;

c1) transmitting at least an ultrasound pulse in a target body,

the said ultrasound pulse being an acoustic disturbance ultrasound beam (10) directed at an excitation point
(1), the acoustic disturbance ultrasound beam configured to produce a shear wave (11) that has a direction of
propagation extending laterally from a direction of propagation of the acoustic disturbance ultrasound beam (10);
d1) transmitting a sequence of ultrasound tracking pulses which are laterally staggered at different lateral
positions relatively to the said excitation point and receiving the corresponding reception signals; e1) measuring
displacements of the image pixels induced by the shear wave (11) by said ultrasound tracking pulses and
assessing the propagation speed of the shearwave in the direction of the lateral displacement of the tracking
pulses and/or the stiffness value of tissue in the region of interest (2) based on the displacements measured at
step d1);

e2) at least some of the reception signals generated by the reflection of the one or more of the said tracking
pulses being transformed in RF reception signals for computing the attenuation coefficient at predetermined
propagation depths by:

f) extracting the envelope of the received RF signals;

g) carrying out a logarithmic compression of the said extracted envelope and

h) computing the propagation depth dependent attenuation coefficient of the tissues crossed by the ultrasound
pulse in the target body as the slope of the line fitting the said logarithmic compressed envelope data along the
penetration depth of the ultrasound pulse in the said target body and wherein

at least some of the tracking pulses are transmitted at least twice, the received signals due to the reflected pulse
of one of the at least two transmitted tracking pulses being used for computing the shear wave velocity while
the received signals due to the reflected pulse of the second of the at least two transmitted tracking pulses
being used for computing the attenuation coefficient and wherein

the acquired B-mode image (3) of the said region of interest and an elasticity map of the said region of interest
generated from the acquired elasticity data of the said region of interest are combined

and

the acquired B-mode image (3) of the said region of interest and a map of attenuation coefficients of the said
region of interest generated from the acquired attenuation coefficients data of the said region of interest are
combined;

displaying one beside the other a combined image representing the said B-mode image combined with the said
elasticity coefficient map and a combined image representing the said B-mode image combined with the said
attenuation coefficient map.

2. Method according to claim 1, in which the transmitted ultrasound pulse is a wide-frequency band pulse or a multi-
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frequency pulse comprising frequency components with frequencies within a predetermined frequency band, the
step of determining RF signal components with frequencies within a sub range of the predetermined frequency band
by filter-bank filtering is carried out before the step c) of extracting the envelope of the RF reception signal,

the said envelope extraction being carried out separately for each frequency sub-band component of the RF
reception signal,

the said step g) of logarithmic extraction and the said step e) being carried out attenuation coefficient for each
frequency sub-band component of the RF reception signal,

i) for each propagation depth of the ultrasound pulse the attenuation coefficient being determined as the mean
or median value of the attenuation coefficients calculated for each frequency sub-band component of the RF
reception signal.

Method according to claim 1 or 2, in which a sequence of several ultrasound pulses is transmitted into the target
body and a sequence of reception signals is acquired from the sequence of the reflected ultrasound pulses, the said
steps f) to h) and optionally the step i) being carried out for each of the reception signals of the sequence of reception
signals and

j) the attenuation coefficient at a propagation depth is computed as the mean or the median value of the attenuation
coefficients at the said penetration depth of the attenuation coefficients computed from each of the reception signals
of the sequence of reception signals.

Method according to one or more of the preceding claims, in which before transmitting the shear wave generating
pulse of the shear wave generating pulses at least one or a sequence of ultrasound reference pulses is transmitted
in the region of interest (2) defined at step b1), at least some of the reception signals generated by the reflection of
the one or more of the said reference pulses being used as reception signals for computing the attenuation coefficient
at predetermined propagation depths.

Method according to claim 4, in which at least some of the reference pulses are transmitted at least twice, the
received signals due to the reflected pulse of one of the at least two transmitted reference pulses being used for
computing the shear wave velocity while the received signals due to the reflected pulse of the second of the at least
two transmitted reference pulses being used for computing the attenuation coefficient.

An ultrasound system for carrying out the method according to one or more of the preceding claims 1 to 5 comprising:

an ultrasound probe configured for transmitting ultrasound pulses into a target body and for receiving the reflected
ultrasound pulses; an ultrasound transmit wave generator and an ultrasound transmit beamformer;

an ultrasound receive-beamformer;

ultrasound receive signals processing unit for generating ultrasound image data;

a shear wave excitation pulse generator and a shear wave beamformer;

a central control unit comprising a memory storing program instructions and at least one processor that is
adapted to executes the program instructions to carry out the method of claim 1;

an ultrasound image acquisition section configured to acquire at least ultrasound anatomic images such as B-
mode images;

a processing unit of the ultrasound received beams, which unit is configured to calculate attenuation coefficients
of the tissue crossed by the transmitted and reflected ultrasound pulses,

the said processing unit being configured to operate as or comprising:

an envelope extractor of the RF receipt signals in which the reflected beams are transformed by the ultra-
sound probe;

a compressor computing the logarithm of the extracted envelope;

the processor being configured in carrying out an algorithm for determining the slope of the said logarithm
of the said extracted envelope and computing the attenution coefficient from the said slope.

The ultrasound system according to claim 6 in which the said envelope and/or the said logarithm of the said envelope
is determined for frequency sub-ranges of the frequency band of a multifrequency or of a wide frequency range
transmission pulse and the said attenuation coefficient is computed for each of the said frequency sub bands, the
said division in frequency sub bands being carried out by filter-bank filtering.

The ultrasound system according to claim 6 or 7 further comprising
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an ultrasound shear wave tracking section configured to transmit and receive ultrasound tracking beams in a
selected region of interest;

a processing unit of the ultrasound received tracking beams, which unit is configured to calculate elasticity
parameter values in the selected region of interest.

9. An ultrasound system according to one or more of the preceding claims 6 to 8, characterized in that the the at
least one processor is further adapted to execute program instructions to:

define said region of interest in the ultrasound image;

generate an acoustic excitation ultrasound pulse directed at said excitation point, the said acoustic excitation
ultrasound pulse being configured to produce a shear wave that has a direction of propagation extending laterally
from a direction of propagation of the acoustic excitation ultrasound pulse along a direction perpendicular to
the direction of transmission of the ultrasound excitation pulse;

generate said ultrasound tracking beams focused along different tracking lines which are at different predeter-
mined laterally staggered distances one from the other and from the said excitation region or point;

process the ultrasound echo signal reflected at different tracking focal points distributed along the said tracking
lines for calculating the values of elasticity parameters in the region of interest;

representing the elasticity parameter value distribution in the region of interest by means of an elasticity image,
said image being said map, the appearance of the pixels of the said elasticity image being determined as a
function of the said elasticity parameter;

scaling the said elasticity image to be congruent with the region of interest selected on the anatomic image and
combining the elasticity image with the anatomic image of the region of interest;

an image display receiving the combined images and displaying the said combined images.

Patentanspriiche
1. Verfahren zur Gewebecharakterisierung mittels Ultraschallwellendampfungsmessungen wobei das besagte Ver-

fahren in Kombination die Schritte des Abschatzens des Scherwellengeschwindigkeitskoeffizienten aufweist und
folgende Schritte umfasst:
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a1l) Erfassen eines Ultraschallbildes (3);

b1) Definieren eines interessierenden Bereichs (2) in dem Bild (3), wobei der Bereich von Interesse Bildpixel
umfasst;

c1) Aussenden mindestens eines Ultraschallimpulses in einen Zielkérper,

wobei der Ultraschallimpuls ein akustischer Stérultraschallstrahl (10) ist, der auf einen ersten Anregungspunkt
(1) gerichtet ist, wobei der akustische Storultraschallstrahl zur Erzeugung einer Scherwelle (11) konfiguriert ist,
die eine Ausbreitungsrichtung aufweist, die sich lateral von einer Ausbreitungsrichtung des akustischen Storul-
traschallstrahls (10) erstreckt;

d1) Aussenden einer Folge von Ultraschallverfolgungsimpulsen, die seitlich an verschiedenen seitlichen Posi-
tionen relativ zu dem genannten Anregungspunkt versetzt sind, und Empfangen der entsprechenden Emp-
fangssignale;

e1) Messen der durch die Scherwelle (11) induzierten Verschiebungen der Bildpixel mittels der Ultraschallver-
folgungsimpulse und Bewerten der Ausbreitungsgeschwindigkeit der Scherwelle in Richtung der seitlichen
Verschiebung der Verfolgungsimpulse und/oder des Steifigkeitswertes des Gewebes im interessierenden Be-
reich (2) auf der Grundlage der in Schritt d1) gemessenen Verschiebungen;

e2)wobei zumindest einige der durch die Reflexion des einen oder der mehreren Verfolgungsimpulse erzeugten
Empfangssignale in HF-Empfangssignale umgewandelt werden, um den Dampfungskoeffizienten in vorbe-
stimmten Ausbreitungstiefen zu berechnen, durch:

f) Extrahieren der Hullkurve der empfangenen HF-Signale;

g) Durchfiihren einer logarithmischen Kompression der extrahierten Hullkurve und

h) Berechnen des von der Ausbreitungstiefe abhangigen Dampfungskoeffizienten des vom Ultraschallimpuls
durchquerten Gewebes im Zielkdrper als die Steigung der Linie, die mit den logarithmisch komprimierten Hiill-
kurvendaten entlang der Eindringtiefe des Ultraschallimpulses in den Zielkdrper Gibereinstimmt, und wobei
zumindest einige der Verfolgungsimpulse zumindest zweimal ausgesendet werden, wobei die empfangenen
Signale aufgrund des reflektierten Impulses von einem der zumindest zwei ausgesendeten Verfolgungsimpulse
zur Berechnung der Scherwellengeschwindigkeit verwendet werden, wahrend die empfangenen Signale auf-
grund des reflektierten Impulses des zweiten der zumindest zwei ausgesendeten Verfolgungsimpulse zur Be-
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rechnung des Dampfungskoeffizienten verwendet werden, und wobei

das erfasste B-Mode-Bild (3) des interessierenden Bereichs und eine Elastizitatskarte des interessierenden
Bereichs, die aus den erfassten Elastizitadtsdaten des interessierenden Bereichs erzeugt wurde, kombiniert
werden

und das erfasste B-Mode-Bild (3) des interessierenden Bereichs und eine Karte der Dampfungskoeffizienten
des interessierenden Bereichs, die aus den erfassten Dampfungskoeffizientendaten des interessierenden Be-
reichs erzeugt wurde, kombiniert werden;

wobei ein kombiniertes Bild, das das B-Mode-Bild in Kombination mit der Karte des Elastizitatskoeffizienten
darstellt, und ein kombiniertes Bild, das das B-Mode-Bild in Kombination mit der Karte des Dampfungskoeffi-
zienten darstellt, nebeneinander angezeigt werden.

Verfahren nach Anspruch 1, wobei der gesendete Ultraschallimpuls ein Breitbandimpuls oder ein Multifrequenzim-
pulsist, der Frequenzkomponenten mit Frequenzen innerhalb eines vorbestimmten Frequenzbandes umfasst, wobei
der Schritt des Bestimmens von HF-Signalkomponenten mit Frequenzen innerhalb eines Unterbereichs des vorbe-
stimmten Frequenzbandes durch Filterbankfilterung vor dem Schritt ¢) des Extrahierens der Hullkurve des HF-
Empfangssignals durchgefiihrt wird,

wobei die besagte Hullkurvenextraktion fir jede Frequenzunterbandkomponente des HF-Empfangssignals ge-
trennt durchgefiihrt wird,

wobei der Schritt g) des logarithmischen Extrahierens und der Schritt e) beziiglich des Dampfungskoeffizienten
fur jede Frequenzteilbandkomponente des HF-Empfangssignals durchgefiihrt werden,

i) wobei fiir jede Ausbreitungstiefe des Ultraschallimpulses der Dampfungskoeffizient als Mittelwert oder Medi-
anwert der fir jede Frequenzunterbandkomponente des HF-Empfangssignals berechneten Dampfungskoeffi-
zienten bestimmt wird.

Verfahren nach Anspruch 1 oder 2, wobei eine Folge von mehreren Ultraschallimpulsen in den Zielkérper gesendet
wird und aus der Folge der reflektierten Ultraschallimpulse eine Folge von Empfangssignalen gewonnen wird, wobei
die Schritte f) bis h) und gegebenenfalls der Schritt i) flir jedes der Empfangssignale der Folge von Empfangssignalen
durchgefihrt werden und

j) der Dampfungskoeffizient in einer Ausbreitungstiefe als Mittelwert oder Medianwert der Dampfungskoeffizienten
in der besagten Eindringtiefe der aus jedem der Empfangssignale der Folge von Empfangssignalen berechneten
Dampfungskoeffizienten berechnet wird.

Verfahren nach einem oder mehreren der vorhergehenden Anspriiche, wobei vor dem Aussenden des Scherwellen
erzeugenden Impulses der Scherwellen erzeugenden Impulse zumindest ein oder eine Folge von Ultraschall-Re-
ferenzimpulsen in dem in Schritt bl) definierten Bereich von Interesse (2) ausgesendet wird, wobei zumindest einige
der durch die Reflexion des einen oder mehrerer der Referenzimpulse erzeugten Empfangssignale als Empfangs-
signale fir die Berechnung des Dampfungskoeffizienten bei vorgegebenen Ausbreitungstiefen verwendet werden.

Verfahren nach Anspruch 4, wobei zumindest einige der Referenzimpulse mindestens zweimal gesendet werden,
wobei die empfangenen Signale aufgrund des reflektierten Impulses eines der mindestens zwei gesendeten Refe-
renzimpulse zur Berechnung der Scherwellengeschwindigkeit verwendet werden, wahrend die empfangenen Sig-
nale aufgrund des reflektierten Impulses des zweiten der mindestens zwei gesendeten Referenzimpulse zur Be-
rechnung des Dampfungskoeffizienten verwendet werden.

Ultraschallsystem zur Durchflihrung des Verfahrens nach einem oder mehreren der vorhergehenden Anspriiche 1
bis 5, umfassend:

eine Ultraschallsonde, die zum Aussenden von Ultraschallimpulsen in einen Zielkérper und zum Empfangen
der reflektierten Ultraschallimpulse konfiguriert ist;

einen Ultraschall-Sendewellengenerator und einen Ultraschall-Sendestrahlformer;

einen Ultraschall-Empfangsstrahlformer;

eine Ultraschall-Empfangssignal- Verarbeitungseinheit zum Erzeugen von Ultraschallbilddaten;

einen Scherwellen-Anregungsimpulsgenerator und einen Scherwellen-Strahlformer;

eine Zentralsteuereinheit umfassend einen Speicher, der Programmanweisungen speichert, und wenigstens
einen Prozessor, der geeignet ist, die Programmanweisungen auszufiihren, um das Verfahren nach Anspruch
1 durchzufiihren;

einen Ultraschallbilderfassungsabschnitt, der zum Erfassen von zumindest anatomischen Ultraschallbildern
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wie B-Mode-Bildern konfiguriert ist;

eine Verarbeitungseinheit fir die empfangenen Ultraschallstrahlen, die zur Berechnung der Dampfungskoeffi-
zienten des von den ausgesendeten und reflektierten Ultraschallimpulsen durchquerten Gewebes konfiguriert
ist,

wobei die Verarbeitungseinheit so konfiguriert ist, dass sie wie folgt arbeitet oder Folgendes umfasst:

einen Hullkurvenextraktor der HF-Empfangssignale, in dem die reflektierten Strahlen durch die Ultraschall-
sonde transformiert werden;

einen Kompressor, der den Logarithmus der extrahierten Hullkurve berechnet;

wobei der Prozessor zur Ausfiihrung eines Algorithmus zum Bestimmen der Steigung des besagten Log-
arithmus der besagten extrahierten Hullkurve und zum Berechnen des Dampfungskoeffizienten aus der
besagten Steigung konfiguriert ist.

Ultraschallsystem nach Anspruch 6, wobei die Hullkurve und/oder der Logarithmus der Hillkurve fir Frequenzun-
terbereiche des Frequenzbandes eines Multifrequenz- oder Breitband-Sendeimpulses bestimmt ist und der Damp-
fungskoeffizient fir jedes der Frequenzunterbander berechnet wird, wobei die Aufteilung in Frequenzunterbander
durch Filterbankfilterung erfolgt.

Ultraschallsystem nach Anspruch 6 oder 7, weiterhin umfassend

einen Ultraschall-Scherwellenverfolgungsabschnitt, der zum Senden und Empfangen von Ultraschallverfol-
gungsstrahlen in einem ausgewahlten Bereich von Interesse konfiguriert ist;

eine Verarbeitungseinheit fiir die empfangenen Ultraschallverfolgungsstrahlen, die zur Berechnung von Elas-
tizitatsparameterwerten in dem ausgewahlten Bereich von Interesse konfiguriert ist.

Ultraschallsystem nach einem oder mehreren der vorangehenden Anspriiche 6 bis 8, dadurch gekennzeichnet,
dass der wenigstens eine Prozessor ferner geeignet ist, Programmanweisungen auszufiihren, zum:

Definieren des interessierenden Bereichs in dem Ultraschallbild;

Erzeugen eines akustischen Anregungs-Ultraschallimpulses, der auf den Anregungspunkt gerichtet ist, wobei
der akustische Anregungs-Ultraschallimpuls so konfiguriert ist, dass er eine Scherwelle erzeugt, die eine Aus-
breitungsrichtung hat, die sich lateral von einer Ausbreitungsrichtung des akustischen Anregungs-Ultraschal-
limpulses entlang einer Richtung rechtwinklig zur Senderichtung des Ultraschall-Anregungsimpulses erstreckt;
Erzeugen der besagten Ultraschallverfolgungsstrahlen, die entlang verschiedener Verfolgungslinien fokussiert
sind, die sich in verschiedenen vorbestimmten, seitlich versetzten Abstanden voneinander und von der Anre-
gungsregion oder dem Anregungspunkt befinden;

Verarbeiten des an verschiedenen, entlang der Verfolgungslinien verteilten Verfolgungsbrennpunkten reflek-
tierten Ultraschallechosignals, um die Werte der Elastizitdtsparameter in dem interessierenden Bereich zu
berechnen;

Darstellen der Werteverteilung der Elastizitdtsparameter in dem interessierenden Bereich mittels eines Elasti-
zitatsbildes, wobei das besagte Bild die besagte Karte ist, wobei das Erscheinen der Pixel des besagten Elas-
tizitatsbildes als Funktion des besagten Elastizitatsparameters bestimmt wird;

Skalieren des Elastizitatsbildes, so dass es mit dem auf dem anatomischen Bild ausgewahlten Bereich von
Interesse kongruent ist, und Kombinieren des Elastizitatsbildes mit dem anatomischen Bild des Bereichs von
Interesse;

wobei eine Bildanzeige vorgesehen ist, die die kombinierten Bilder erhalt und diese kombinierten Bilder anzeigt.

Revendications

1.

Une méthode de caractérisation de tissus par des mesures d’'atténuation d’'ondes ultrasonores, ladite méthode
comprenant en combinaison les étapes d’estimer le coefficient de vitesse d’onde de cisaillement et comprenant les
étapes suivantes:

a1l) acquérir une image ultrasonore (3);

b1) définir une région d’intérét (2) dans I'image (3), la région d’intérét comprenant des pixels d’'image;

c1) transmettre au moins une impulsion ultrasonore dans un corps cible,

ladite impulsion ultrasonore étant un faisceau ultrasonore de perturbation acoustique (10) dirigé en correspon-
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dance d’'un pointd’excitation (1), le faisceau ultrasonore de perturbation acoustique étant configuré pour produire
une onde de cisaillement (11) ayant une direction de propagation s’étendant latéralement a partir d’'une direction
de propagation du faisceau ultrasonore de perturbation acoustique (10);

d1) transmettre une séquence d’'impulsions ultrasonores de suivi étant décalées latéralement en différentes
positions latérales par rapport audit point d’excitation et recevant les signaux de réception correspondants;
e1) mesurer déplacements des pixels d’image induit par I'onde de cisaillement (11) a travers lesdites impulsions
ultrasonores de suivi et évaluer la vitesse de propagation de I'onde de cisaillement dans la direction du dépla-
cement latéral des impulsions de suivi et/ou la valeur de rigidité du tissu dans la région d’intérét (2) en fonction
des déplacements mesurés dans I'étape d1);

e2) au moins certains des signaux de réception générés par la réflexion d’une ou plusieurs desdites impulsions
de suivi étant transformés en signaux de réception RF pour calculer le coefficient d’atténuation a des profondeurs
de propagation prédéterminées en:

f) extrayant 'enveloppe des signaux RF regus;

g) effectuant une compression logarithmique de ladite enveloppe extraite et

h) calculant le coefficient d’atténuation dépendant de la profondeur de propagation des tissus traversés par
'impulsion ultrasonore dans le corps cible en tant que pente de la ligne contenant lesdites données logarith-
miques de I'enveloppe compressée le long de la profondeur de pénétration de I'impulsion ultrasonore dans ledit
corps cible et dans lequel

au moins certaines des impulsions de suivi sont transmises au moins deux fois, les signaux regus dus a I'im-
pulsion réfléchie de I'une des au moins deux impulsions de suivi transmises étant utilisés pour calculer la vitesse
de I'onde de cisaillement, tandis que les signaux recus dus a lI'impulsion réfléchie de la seconde des au moins
deux impulsions de suivi transmises étant utilisés pour calculer le coefficient d’atténuation et dans laquelle
l'image acquise en mode B (3) de ladite région d’intérét et une carte d’élasticité de ladite région d’intérét généré
a partir des données d’élasticité acquises de ladite région d’intérét sont combinés

et

limage acquise en mode B (3) de ladite région d’intérét et une carte des coefficients d’atténuation de ladite
région d’intérét généré a partir des données des coefficients d’atténuation acquises de ladite région d’intérét
sont combinés;

afficher, 'une a cbté de I'autre, une image combinée représentant ladite image en mode B combinée avec ladite
carte de coefficients d’élasticité et une image combinée représentant ladite image en mode B combinée avec
ladite carte de coefficients d’atténuation.

Méthode selon la revendication 1, dans laquelle 'impulsion ultrasonore transmise est une impulsion a large bande
de fréquence ou une impulsion multifréquence comprenant composantes de fréquence avec fréquences a l'intérieur
d’'une bande de fréquence prédéterminée, I'étape de détermination des composantes de signal RF avec fréquences
a l'intérieur d’'une sous-gamme de la bande de fréquence prédéterminée par un filtrage par banque de filtres est
effectuée avant I'étape c) d’extraction de I'enveloppe du signal de réception RF, ladite extraction d’enveloppe étant
effectuée séparément pour chaque composante de sous-bande de fréquence du signal de réception RF,

ladite étape g) d’extraction logarithmique et ladite étape e) étant effectuées coefficient d’atténuation de chaque
composante de sous-bande de fréquence du signal de réception RF,

i) pour chaque profondeur de propagation de I'impulsion ultrasonore, le coefficient d’atténuation étant déterminé
comme la valeur moyenne ou médiane des coefficients d’atténuation calculés pour chaque composante de
sous-bande de fréquence du signal de réception RF.

Méthode selon la revendication 1 ou 2, dans laquelle une séquence de plusieurs impulsions ultrasonores est trans-
mise a l'intérieur du corps cible et une séquence de signaux de réception est acquise a partir de la séquence des
impulsions ultrasonores réfléchies, lesdites étapes f) a h) et éventuellement I'étape i) étant effectuées pour chacun
des signaux de réception de la séquence de signaux de réception et

j) le coefficient d’atténuation a une profondeur de propagation est calculé comme la moyenne ou la valeur médiane
des coefficients d’atténuation a ladite profondeur de pénétration des coefficients d’atténuation calculés a partir de
chacun des signaux de réception de la séquence de signaux de réception.

Méthode selon I'une ou plusieurs des revendications précédentes, dans laquelle, avant de transmettre I'impulsion
de génération d’onde de cisaillement des impulsions de génération d’onde de cisaillement, au moins une ou une
séquence d’impulsions de référence ultrasonores est transmise dans la région d’intérét (2) définie dans I'étape b1),
au moins certains des signaux de réception générés par la réflexion de I'une ou plusieurs desdites impulsions de
référence étant utilisés comme signaux de réception pour calculer le coefficient d’atténuation a des profondeurs de
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propagation prédéterminées.

Méthode selon la revendication 4, dans laquelle au moins certaines des impulsions de référence sont transmises
au moins deux fois, les signaux regus dus a l'impulsion réfléchie de I'une des au moins deux impulsions de référence
transmises étant utilisés pour calculer la vitesse de I'onde de cisaillement, tandis que les signaux regus dus a
I'impulsion réfléchie de la seconde des au moins deux impulsions de référence transmises étant utilisés pour calculer
le coefficient d’atténuation.

Un systéme a ultrasons pour exécuter la méthode selon I'une ou plusieurs des revendications précédentes 1 a 5
comprenant:

une sonde a ultrasons configurée pour transmettre impulsions ultrasonores dans un corps cible et pour recevoir
les impulsions ultrasonores réfléchies; un générateur d’'ondes d’émission ultrasonores et un formateur de fais-
ceaux d’émission ultrasonores;

un formateur de faisceaux de réception ultrasonores;

une unité de traitement de signaux de réception ultrasonores pour générer des données d’image ultrasonores;
un générateur d'impulsions d’excitation d’'ondes de cisaillement et un formateur de faisceaux d’'ondes de ci-
saillement;

une unité centrale de commande comprenant une mémoire stockant instructions de programme et au moins
un processeur adapté pour exécuter les instructions de programme pour effectuer la méthode de larevendication
1;

une section d’acquisition d’images ultrasonores configurée pour acquérir au moins des images anatomiques
ultrasonores telles que des images en mode B comprenant:

une unité de traitement des faisceaux ultrasonores regus, laquelle unité est configurée pour calculer coef-
ficients d’atténuation du tissu traversé par les impulsions ultrasonores transmises et réfléchies,
ladite unité de traitement étant configurée pour fonctionner comme ou comprenant:

un extracteur d’enveloppe des signaux de réception RF dans lequel les faisceaux réfléchis sont trans-
formés par la sonde a ultrasons;

un compresseur calculant le logarithme de I'’enveloppe extraite;

le processeur étant configuré pour effectuer un algorithme pour déterminer la pente dudit logarithme
de ladite enveloppe extraite et calculer le coefficient d’atténuation a partir de ladite pente.

Le systeme a ultrasons selon la revendication 6, dans lequel ladite enveloppe et/ou ledit logarithme de ladite en-
veloppe est/sont déterminé(s) pour des sous-gammes de fréquence de la bande de fréquence d’une impulsion
d’émission multifréquence ou a large gamme de fréquence et ledit coefficient d’atténuation est calculé pour chacune
desdites sous-bandes de fréquence, ladite division en sous-bandes de fréquence étant effectuée par un filtrage par
banque de filtres.

Le systéeme a ultrason selon la revendication 6 ou 7, comprenant en outre

une section de suivides ondes de cisaillement ultrasonores configurée pour transmettre et recevoir des faisceaux
de suivi ultrasonores dans une région d’intérét sélectionnée;

une unité de traitement des faisceaux de suivi regus par ultrasons, laquelle unité est configurée pour calculer
les valeurs des parameétres d’élasticité dans la région d'intérét sélectionnée.

9. Un systéme a ultrasons selon I'une ou plusieurs des revendications précédentes 6 a 8, caractérisé en ce que

I'au moins un processeur est en outre adapté pour exécuter des instructions de programme pour:

définir ladite région d’'intérét dans I'image ultrasonore;

générer une impulsion ultrasonore d’excitation acoustique dirigée en correspondance dudit point d’excitation,
ladite impulsion ultrasonore d’excitation acoustique étant configurée pour produire une onde de cisaillement
présentant une direction de propagation s’étendant latéralement d’'une direction de propagation de I'impulsion
ultrasonore d’excitation acoustique le long d’une direction perpendiculaire a la direction de I'impulsion ultraso-
nore d’excitation;

générer lesdits faisceaux de suivi ultrasonores focalisés le long de différentes lignes de suivi se trouvant a
différentes distances prédéterminées décalées latéralement entre elles et de ladite région ou dudit point d’ex-
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citation;

traiter le signal d’écho ultrasonore renvoyé en correspondance des différent points focaux de suivi distribués
le long desdites lignes de suivi pour calculer les valeurs des parameétres d’élasticité dans la région d'intérét;
représenter la répartition des valeurs des parametres d’élasticité dans la région d’intérét au moyen d’'une image
d’élasticité, ladite image étant appelée carte, 'aspect des pixels de ladite image d’élasticité étant déterminé en
fonction dudit paramétre d’élasticité;

mettre ladite image d’élasticité a I’échelle pour qu’elle soit congruente avec la région d’'intérét sélectionnée sur
l'image anatomique et combiner I'image d’élasticité avec I'image anatomique de la région d’intérét;

un dispositif d’affichage d’image recevant les images combinées et affichant lesdites images combinées.
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